Starting from the matrix elements of the nucleon-nucleon interaction in momentum space we present a method to derive an operator representation with a minimal set of operators that is required to provide an optimal description of the partial waves with low angular momentum. As a first application we use this method to obtain an operator representation for the Argonne potential transformed by means of the unitary correlation operator method and discuss the necessity of including momentum dependent operators. The resulting operator representation leads to the same results as the original momentum space matrix elements when applied to the two-nucleon system and various light nuclei. For applications in fermionic and antisymmetrized molecular dynamics, where an operator representation of a soft but realistic effective interaction is indispensable, a simplified version using a reduced set of operators is given.
I. INTRODUCTION
In recent years various realistic nucleon-nucleon (NN) potentials have been developed, such as the Argonne V18 potential [1] , the CD Bonn potential [2] and the so called chiral potentials [3] [4] [5] . They all succeed in describing the experimental two-nucleon data with the same precision but differ in their off-shell behaviour, which manifests itself for example in different three-body forces needed for ab initio calculations of nuclei. Furthermore, various transformation techniques, like the renormalization group V lowk [6, 7] , the unitary correlation operator method (UCOM) [8] [9] [10] [11] [12] and the similarity renormalization group approach (SRG) [12] [13] [14] [15] , have been applied to derive effective interactions for nuclear ab initio calculations. Most of these effective realistic interactions are formulated in matrix element representation, which restricts their use to many-body treatments based on a pre-determined basis representation, such as the no-core shell model (NCSM) [16] [17] [18] [19] [20] . Thus, these interactions are not usable for many-body methods that require an explicit operator representation of the NN potential, such as fermionic molecular dynamics (FMD) [21] [22] [23] [24] or antisymmetrized molecular dynamics (AMD) [25, 26] .
We present a method which allows to derive an approximate operator representation starting from the partial wave matrix elements of the interaction. For that purpose an ansatz for the operator representation is chosen. The unknown parameters in the ansatz are obtained from a fit to the partial wave matrix elements of the potential one aims to describe. The operators used in the ansatz will depend on the interaction under investigation. The main reason for that is the momentum-dependence of the interaction. For example, the UCOM interactions based on local potentials have a momentum dependence that is polynomial in the momenta whereas SRG interactions have a more complicated momentum dependence. In this work we consider the UCOM transformed Argonne potential. Its exact matrix elements in momentum space as well as its operator representation (in a controlled approximation) are available. The existing operator representation is very complex, but with the procedure presented in this paper, a simplified operator representation can be obtained. Whereas the full operator representation provides essentially exact matrix elements for all momenta and all partial waves, we "only" require our simplified operator representation to reproduce the exact matrix elements with high-precision for low momenta and in the lowest partial waves that are relevant for the description of light nuclei. In the ansatz for the operator representation we therefore use an optimized set of operators which is a subset of the operators of the exact UCOM potential. But not only the operator structure is simplified, also the radial dependencies of the interaction components are simplified in the sense that the low momentum matrix elements are not sensitive to variations on a short length scale. This is similar to the idea of coarse-grained potentials [27] . The simplified operator representation also provides some better understanding about the importance of individual terms in the effective interaction, especially with respect to its momentum dependence.
In Sec. II the concept of UCOM and the operator representation and the partial wave matrix elements of the UCOM transformed Argonne potential are presented. Sec. III focuses on the construction of an operator representation from the partial wave matrix elements of the interaction. We discuss the choice of a reduced set of operators to accurately describe the UCOM transformed Argonne potential for low angular momenta. In Sec. IV we show results of calculations for two-and few-nucleon systems to demonstrate that the operator representation with the reduced set of operators indeed leads to the same results as the exact, but more complex, UCOM transformed Argonne potential.
II. THE UNITARY CORRELATION OPERATOR METHOD (UCOM)
A. Concept
The concept of the Unitary Correlation Operator Method [12] is to imprint the short-range central and tensor correlations induced by the nuclear interaction [28] on "simple" many-body states Ψ , such as Slater determinants. The unitary operator C describes the transformation between the many-body state Ψ , which possibly contains long-range but no short-range central and tensor correlations, and the state Ψ that contains all correlations:
To calculate the matrix element Ψ B Ψ ′ of an operator B one can either work with the bare operator B and correlated states Ψ or use a correlated operator
and uncorrelated states Ψ instead:
Both methods are equivalent, but it is generally more convenient to work with uncorrelated simple states and the correlated operators.
The correlation operator C is decomposed into the unitary operators C Ω and C r describing the tensor and radial correlations, respectively:
The following ansatz with hermitian two-body generators g r and g Ω is used:
The form of these generators reflects the structure of the central and tensor correlations.
B. UCOM generators
The short-range repulsion of the NN interaction prevents the nucleons from approaching each other closer than the extent of the repulsive core. That means the two-body density at short relative distances will be strongly suppressed in the correlated many-body state. This effect can be achieved by a distance-dependent shift of the radial wave function. Using the projection of the relative momentum p = 1 2 ( p 1 − p 2 ) on the relative distance vector r = r 1 − r 2 in the two-body subsystem,
and the shift function s ST (r) which describes the amplitude of the radial shift for each spin-isospin channel, the generator can be written as
where Π ST is a projector on spin S and isospin T . The tensor force induces correlations between the orientation of the total spin and that of the relative distance vector r of a pair of nucleons. These correlations can be imprinted by a tangential shift perpendicular to r, generated by the "orbital momentum" operator
The generator of the tensor correlation operator is given by
where the function ϑ T (r) describes the distancedependence of the angle of the tangential shift in order to orient the relative distance vector more parallel (T =0) or anti-parallel (T =1) to the total spin direction (S=1) of the particle pair. The generating operator S 12 ( r, q Ω ) is given by the general definition
The correlation functions s ST (r) and ϑ T (r) are specific to the used NN interaction. They can be derived for example by performing an energy minimization in the lowest angular momentum channels (UCOM(var)) [9, 10] . An alternative method is to extract them from a SRG transformation (UCOM(SRG)) [29] . In this article, we use the UCOM(SRG) transformed potentials. As the operator structure for both types of UCOM interactions is the same, the presented method to derive the operator representation from the matrix elements of the interaction can be used for UCOM(var) potentials as well.
C. The UCOM potential
The formalism described above is applied to correlate the nuclear Hamiltonian.
Because the correlation operators are A-body operators, the UCOM transformation of any operator B contains irreducible contributions from up to A-particle operators as well:
where B [n] stands for the irreducible n-body part [8] . The importance of the contributions with higher particle numbers n is however expected to be small since the range of the UCOM transformation is by construction small compared to the mean interparticle distance in nuclei. Since the treatment of terms with higher n in many-body calculations is difficult, we restrict ourselves in the following to the two-body approximation (denoted by C2), where all contributions above the two-body level are discarded:
To obtain the UCOM potential we start from an uncorrelated two-body Hamiltonian
where the kinetic energy T = T c.m. + T int contains the center of mass term T c.m. and the intrinsic part T int . V is a realistic two-body potential. In this paper we use the Argonne V18 potential [1] without charge dependent terms. It can be written as a sum of radial functions v P ST (r) which depend only on the relative distance, multiplied with the corresponding operators
that act on angular momentum and spin degrees of freedom:
S 12 stands for S 12 ( r r , r r ) and we replace the quadratic spin-orbit operator ( L · S) 2 used in Ref. [1] by the tensor operator S 12 ( L, L) by means of the relation
The Argonne potential then reads explicitly
Correlated Hamiltonian
In two-body approximation the UCOM potential V UCOM is defined as the two-body part of the correlated Hamiltonian
To obtain the radially correlated Hamiltonian C † r HC r , we have to calculate the correlated kinetic energy C † r TC r and the correlated potential C † r VC r . Since the generator g r commutes with the operators O P occurring in the Argonne potential, only the correlated radial functions have to be calculated [8] :
The correlation function R + (r) is specific for each STchannel and connected to the shift function s(r) in Eq. (7) by the relation R+(r) r dξ s(ξ) = 1. The radial correlation of the kinetic energy creates one-and two-body terms:
While the one-body part T [1] is identical to the uncorrelated kinetic energy operator T, the two-body term T [2] contains, besides a central and an L 2 -operator term, a quadratic momentum contribution:
where W (r), µ r (r) and µ Ω (r) are functions of the correlation function R + (r) and its derivatives:
The transformation of the Hamiltonian with the tensor correlation operator C Ω , Eq. (5), can be evaluated by means of the Baker-Campbell-Hausdorff expansion:
For the radial part of the intrinsic kinetic energy, T r = p 2 r 2µ , the expansion Eq. (23) terminates after the first order and creates, besides additional spin-orbit and tensor contributions, a term containing the momentum dependent tensor operator S 12 ( r, p Ω ) [9, 10] : 
The commutator algebra is not closed and higher orders of the expansion Eq. (23) lead to additional new operators with the structure
, with n = 1, 2, 3, · · · . Due to the centrifugal barrier, the relative wave function is more and more suppressed at short relative distances as L increases, and its overlap with ϑ T (r) becomes progressively smaller as well. Therefore, C Ω essentially reduces to the identity operator and one may perform a partial summation in Eq. (23) neglecting all terms beyond the third order in angular momentum L [10] .
Operator representation
For the initial Argonne V18 interaction, the UCOM potential has the structure [11] 
with new radial functions V P ST (r) that depend on the initial potential and the correlation functions s ST (r) and ϑ T (r).
Compared to the bare potential, given in Eq. (17), the operator structure is more complicated and contains the additional spin-orbit and tensor operators L 2 ( L · S), S 12 ( p Ω , p Ω ) and the explicitly momentum dependent operators p 2 and p r S 12 ( r, p Ω ). This momentum dependence originates from the UCOM transformation of the kinetic energy operator and leads to a different operator structure as is obtained in a momentum space representation of the bare Argonne potential [30] . Therefore, the UCOM potential V UCOM is always nonlocal, even if the initial interaction is local.
Matrix element representation
In matrix representation with basis states that possess good angular momentum and spin quantum numbers, like in the shell model, the operator structure and its truncation is not explicitly needed. In that case it is possible to perform the UCOM transformation exactly in the given basis, e.g. the partial wave basis in momentum space k(LS)J; T with relative momentum k, relative angular momentum L, total spin S, total angular momentum J and total isospin T . The expressions for the matrix elements of the UCOM transformed kinetic energy and the Argonne potential are given in App. A, Eqs. (A2).
By using these relations the matrix elements of V UCOM can be calculated:
These matrix elements are exact on the two-body level and include no approximations like the partial summation of the Baker-Campbell-Hausdorff expansion in the operator representation Eq. (25) .
D. Correlation functions
In this work we use the UCOM(SRG) transformation [12, 29] obtained with the SRG flow parameter of α = 0.04 fm 4 (UCOM(0.04)). Whereas the interaction for this flow parameter is much softer than the original Argonne interaction and can be used, for example, in NCSM calculations, it is still not soft enough for manybody approaches like FMD and AMD. We therefore also discuss the UCOM(SRG) transformed Argonne potential with α = 0.2 fm 4 (UCOM(0.20)). For this larger flow parameter the tensor force in the UCOM(SRG) interaction is significantly weaker and therefore better adapted to the FMD and AMD model spaces. For both selected values of the flow parameter the UCOM(SRG) interaction in two-body approximation gives binding energies for 3 H and 4 He that are close to the experimental values [12] . It should be emphasized that different flow parameters in the UCOM(SRG) transformation yield the same operator structure Eq. (25) , but different radial functions. Consequently, the method discussed in the following section is applicable for UCOM(SRG) transformations with any flow parameter α.
III. OPERATOR REPRESENTATION DETERMINATION STARTING FROM UCOM MATRIX ELEMENTS
The UCOM transformed Argonne potential is one of the few effective realistic potentials for which the operator representation as well as the matrix element representation is known. As shown in Sec. II C, the operator representation of the UCOM transformed Argonne potential, given by Eq. (25) , is more complicated than the one of the initial Argonne potential Eq. (17), even though terms with higher powers of the angular momentum operator are neglected. In a previous work it has been shown that these neglected terms are not important [10] . The question arises if one can reduce the number of operators further without loosing accuracy.
In the following we present a method to derive an operator representation for an interaction that is given by its partial wave matrix elements. This method is applied to obtain a simpler operator representation for the UCOM transformed Argonne potential that nevertheless reproduces the matrix elements of the partial wave channels with low angular momenta with the same accuracy as the exact UCOM transformed Argonne matrix elements.
A. Method
We start from the partial wave matrix elements of the NN potential, here the UCOM transformed Argonne potential V UCOM . We define an ansatz for the operator representation to describe these matrix elements:
with operators O P and corresponding radial functions V P ST (r), which are parameterized, for convenient use in FMD as described in Sec. IV C, by a sum of Gaussians:
where n P = 0, 2, 3 depending on the operator O P (see Eqs. (37)). Next, we choose a set of parameters κ that covers the range of the NN interaction. In this work a geometrical sequence
with κ 1 = 0.05 fm 2 and b = 2 is used, so that
Width parameters larger than 6.4 fm 2 are not required since the interaction has a range of only a few fm. It is only necessary to include width parameters starting from κ 1 = 0.05 fm 2 (which corresponds to momentum transfers up to roughly 1/ √ κ 1 ≈ 4.5 fm −1 ), because short relative distances (corresponding to large momentum transfers) are not resolved at energies relevant for nuclear structure.
The parameters γ P ST,µ are obtained by a fit of the ansatz to the partial wave matrix elements of V UCOM . For that purpose we have to derive the partial wave matrix elements of the ansatz for the operator representation:
In case of operators O P acting only in angular momentum and spin space (e.g., all the operators occurring in the Argonne potential Eq. (14) and (25)) O P and its radial function V P ST (r) commute. Using the parameterization Eq. (28), we find
One has to calculate the matrix elements of the operator O P and the integrals over the parameterized radial functions, which have analytical solutions for the Gaussian parameterization (see App. B 1). The required matrix elements (LS)J; T O P (L ′ S)J; T are given in App. B 2. For the momentum dependent terms containing the operators p 2 and p r S 12 ( r, p Ω ), one finds
Like for Eq. (30a), the radial integrals and the matrix elements of the operators can be calculated analytically (see App. B 1), so that one obtains also analytical expressions for the matrix elements containing momentum operators.
A fit of this expression to the exact matrix elements of V UCOM determines the optimal parameters γ P ST,µ and thereby the radial functions Eq. (28) .
For S = 0 the potential Eq. (25) contains only contributions from operators that have no dependence on the spin operator, namely 1, L 2 and p 2 . In this case we fit the ansatz directly to the partial wave matrix el-
T . For S = 1 the potential contains besides the central part also spin-orbit and tensor contributions. The spin-orbit part contains all operators of tensor rank one in spin space (like L · S and L 2 ( L · S)) and the tensor part contains the operators of tensor rank two (for example S 12 and S 12 ( L, L)). By using appropriate linear combinations of the matrix elements of the potential with given angular momentum L and different total angular momenta J, one can separate the central, spin-orbit and tensor contributions. Details of this method can be found in App. B 3. We use these linear combinations of the matrix elements to fit the central, spin-orbit, and tensor part independently.
B. Choice of the operators
The choice of the operators O P in Eq. (27) plays a crucial role for the quality of the fitted operator representation. The success of a certain set of operators in describing the interaction matrix elements depends on the potential under consideration. In this work, we focus on the UCOM transformed Argonne potential and a set of operators providing a good description of the matrix elements of this potential.
In order to test if the fitting procedure contains enough momentum space matrix elements to fix uniquely the parameters γ P ST,µ , a first ansatz that includes all operators which occur in the operator representation of the UCOM potential (denoted by "full UCOM") is used. This corresponds to the operator set no. (1) (which is large enough to guarantee no undesired effects outside the fitting region for the used minimal Gaussian width parameter κ 1 = 0.05 fm 2 ) and angular momenta L up to 4 as input, the radial functions V P ST (r) obtained by the fit agree with the exact radial functions V P ST (r) of the exact UCOM potential V UCOM [31] . As an example, Fig 01 (r). Small deviations occur only at short relative distances, which due to the volume element r 2 dr do not contribute to the lowmomentum matrix elements.
The fact that the fit to the exact matrix elements yields the same radial functions as those calculated analytically with the UCOM transformation shows that the method to obtain operators from a set of matrix elements is working. It also shows that the exact matrix elements Eqs. (A2) and the already truncated set of operators that neglect higher powers in L 2 originating from the BakerCampbell-Hausdorff expansion are equivalent.
As a next step, we consider a reduced ansatz for the operator representation with only a subset of the operators contained in Eq. (25) . Again, the radial functions are obtained from the fit to the exact partial wave matrix elements of the UCOM transformed Argonne potential. Obviously, a fit with less operators will not reproduce all matrix elements of the potential with the same quality. For a given set of angular momenta L = 0, 1, · · · , L max the set of operators O P provides a number of linearly independent matrices in each ST -channel. By increasing this number, one can of course increase the quality of fitting the momentum space partial wave matrix elements for L = 0, 1, · · · , L max because of the increased number of radial functions. However, just as in a polynomial fit, the obtained interactions might get worse outside the fitted domain for L > L max . As discussed before, it helps that for high angular momenta L the centrifugal barrier becomes dominant and the contributions from the interaction are getting smaller in comparison. Thus, we optimize the fit for angular momenta relevant in nuclear structure and afterwards make sure (by testing the operator representation in many-body calculations, see Sec. IV) that the deviations in the matrix elements with higher L do not affect the calculated two-nucleon phase shifts and the properties of other light nuclear systems in a significant fashion.
Because there is no unique choice of a reduced set of operators describing correctly the lowest angular momentum channels, it is advisable to use as few operators as necessary to maintain correct matrix elements and nuclear properties.
An overview of possible sets of operators is given in Tab. I. It turns out that it is necessary to include the momentum dependent operators p 2 and p r S 12 ( r, p Ω ), which originate from the correlated kinetic energy, present in the set of operators. The contributions from the momentum dependent terms can not be absorbed by modifying the radial functions of the other operators because they are local and therefore not able to describe this momentum dependence. The quadratic momentum dependence is a characteristic feature of the UCOM potential. These terms replace the strong short range repulsion and the short range tensor which are responsible for the undesired scattering to high momentum states. Therefore, one cannot omit them in the reduced set of operators. Fig. 2 shows the phase shifts calculated with a refitted operator representation excluding the momentum dependent operators (corresponding to set no. (2) in Tab. I). From these results it is obvious that it is not possible to maintain the correct phase shifts of the exact UCOM matrix elements without using momentum dependent operators in the ansatz. (25)). The matrix elements, phase shifts and deuteron properties calculated with the fitted interaction are compared with those obtained with the exact UCOM matrix elements. A check mark in the column "pw's L ≤ 2" indicates that the set is able to reproduce the results of the exact matrix elements in the partial waves with angular momentum up to L = 2.
The reduced sets no. (3) and (4) in Tab. I reproduce the deuteron properties and phase shifts with angular momenta up to L = 2. For smaller sets of operators, for example set no. (5), the matrix elements and two nucleon properties of the fitted interaction do not agree well with those of the exact UCOM interaction even for the lowest angular momenta.
In this article, we focus on an ansatz with the reduced set of operators no. (3), keeping in mind that other choices for the set of operators are also possible. This choice provides a minimal set of operators which reproduces matrix elements and properties of the UCOM potential for angular momenta up to L = 2. Ansatz no. (3), which we call in the following "reduced UCOM" potential, reads explicitly:
Compared to the UCOM potential with the full set of operators, Eq. (25) the reduced UCOM potential Eq. (31) lacks the operators
Compared to the operator set of the initial Argonne potential Eq. (17) it is supplemented by the momentum dependent operators p 2 and p r S 12 ( r, p Ω ). It should be noted that, besides the tensor operator S 12 , the operator S 12 ( r, p Ω ) is the only one that connects L with L ± 2 states [9] . Thus it is the only operator in the effective interaction that can soften the strong short range tensor correlations induced by the original tensor interaction. The partial wave matrix elements of this ansatz (calculated by means of Eqs. (30) ) are fitted to the exact partial wave matrix elements of the UCOM transformed Argonne potential. Partial wave matrix elements with momenta k up to 10 fm −1 and angular momentum up to L = 4 are used to perform the fit. In the fitting procedure we put different weights to the considered partial wave matrix elements (or linear combinations containing only central, spin-orbit or tensor components) in order to optimize the fit for low angular momentum channels, which we want to reproduce with high accuracy. These weights are listed in Tabs. VII and VIII in App. B 4.
The parameters γ P ST,µ of the reduced UCOM(0.04) potential, obtained from the fit to the exact UCOM(0.04) matrix elements, are listed in App. C, Tabs. IX -XI. In Tabs. XII -XIV we list the parameters for the reduced UCOM(0.20) fit. Fig. 3 shows for selected partial waves the exact matrix elements of the UCOM(0.04) potential and the matrix elements of the reduced UCOM(0.04) fit. Because the partial waves with low angular momentum have greater weights in the fit than those with higher angular momentum, the deviations between the exact UCOM(0.04) matrix elements and the matrix elements of the reduced potential are very small in the 3 S 1 and 3 S 1 -3 D 1 channel. The small deviations in the 3 S 1 and 3 S 1 -3 D 1 channel are also reflected in the phase shifts displayed in Fig. 5 . Exact UCOM(0.04) and reduced UCOM(0.04) result in the same phase shifts up to E lab = 300 MeV. They also reproduce the experimental phase shifts (Nijmegen 1993 np [32] ), which is to be expected, as UCOM is phaseshift equivalent to the initial Argonne potential by construction. The 3 F 3 channel exhibits deviations between the exact and the reduced UCOM(0.04) matrix elements (Fig. 3) , which also shows up in deviations between the phase shifts (shown in Fig. 7 ) at higher energies. UCOM can absorb the contribution that comes from the neglected term such, that for L=1, T =1 and L=2, T =0 If one simply neglects the omitted operators
without refitting the radial functions, one sees a substantial difference in the matrix elements and phase shifts, which is illustrated in Fig. 5 . This means that the contribution of these operators is not small but is absorbed by the reduced set of operators due to refitting. 
IV. TESTING THE OPERATOR REPRESENTATION IN TWO-AND FEW-NUCLEON SYSTEMS
A. Two-nucleon properties
The initial Argonne potential is a realistic NN interaction: It reproduces the NN scattering phase shifts and the properties of the deuteron. By construction, the short-ranged unitary UCOM transformation does not affect these properties and thus the UCOM transformed interaction can also be regarded as an effective realistic potential. We demand that the reduced UCOM fit reproduces the deuteron properties and phase shifts with the same quality as the exact UCOM matrix elements, at least for angular momenta up to L = 2. We use the exact UCOM matrix elements and those of the reduced UCOM fit to calculate the two-nucleon properties and compare the results.
Figs. 5 -7 show the phase shifts calculated with the exact UCOM(0.04) matrix elements and those of the reduced UCOM(0.04) fit. The results for the deuteron can be found in Tab. II. The phase shifts show very good agreement up to the D-wave. Deviations occur for L = 3 and above, especially at higher laboratory energies. These deviations are in general rather small compared to the absolute value of the phase shifts. The deuteron properties, which are sensitive only to the 3 S 1 and 3 D 1 channels, are described very well by the reduced UCOM(0.04) fit and the exact UCOM(0.04) matrix elements.
This shows that both interactions have the same features at low angular momenta: phase shifts and deuteron properties are in good agreement.
At higher angular momenta L the reduced UCOM potential reproduces the phase shifts with larger relative error, but the obtained absolute values differ also by not more than 2 degrees (see Fig. 7 ).
B. Few-nucleon systems with NCSM
We employ the ManyEff code by Petr Navrátil [16] for nuclei with A = 3 and 4. The calculations for larger mass numbers are performed with the Antoine NCSM code [17, 18] .
The binding energies and other properties of selected light nuclei are calculated using the exact and the reduced UCOM matrix elements. The model space sizes (up to N max excitations above the 0 Ω configuration) are N max = 40 for 3 H and 3 He, N max = 16 for 4 He, N max = 12 for 6 He and 6 Li, and N max = 10 for 7 Li. For nuclei with A ≥ 4 the energies obtained with the NCSM do not converge perfectly in the used model space sizes up to N max . The converged energies are obtained from a simple exponential extrapolation to infinite model space size. Because the NCSM calculation is variational we perform the extrapolation in the model space with the oscillator parameter Ω yielding the lowest energy at N max . They are Ω = 16 MeV for 4 He, Ω = 20 MeV for 6 He and 6 Li, and Ω = 24 MeV for 7 Li. For the nuclei discussed here, the results are well-converged and we do not need to use more elaborate extrapolation schemes [34] .
The (extrapolated) binding energies are shown in Tab. III. The binding energies obtained with the reduced set of operators lie within a range of 10 to 100 keV around those calculated with the exact UCOM(0.04) matrix elements, which corresponds to relative deviations of less than 0.5% Good agreement can also be seen for calculated ground state properties in Tab. IV, which shows results for the point proton radius, the magnetic dipole moment and the electric quadrupole moment of 6 Li and 7 Li. These results still depend on the size of the model space and no extrapolations are used. However, we observe good agreement between the results from the exact and reduced UCOM potential. The nuclear spectra of 6 Li and 7 Li, calculated with the reduced UCOM(0.04) and the exact UCOM(0.04) matrix elements, are shown in Fig. 8 . By comparing the 12 Ω results of the reduced UCOM potential with the exact UCOM result for 6 Li and the 10 Ω results for 7 Li, we see that both interactions clearly lead to almost identical energy spectra.
C. Few-nucleon systems with fermionic molecular dynamics (FMD)
In FMD [22, 23, 37, 38] many-body basis states Q are given by antisymmetrized product states where the single particle states
are superpositions of Gaussian wave packets
χ denotes a two-component spinor and ξ is the isospin of the nucleon. Because of the flexibility of the wave packet basis, not only shell-model-like states, but also exotic structures like clusters and halos can be described with a numerically feasible effort. Since the intrinsic FMD basis states Q may break the symmetries of the Hamiltonian under reflection, rotation and translation, these symmetries have to be restored by projection on parity, angular momentum, and total momentum zero:
To describe the ground state and the excited states of a nucleus, a set of basis states Q (i) will be used. The basis states are determined by the parameters a, b and χ of the single-particle states which are obtained by variation. In the simplest approach the variation is performed for the energy expectation value of the intrinsic state Eq. (32) and the state is only projected after variation. This approach is essentially a mean-field calculation with restoration of symmetries. To improve the description of correlations -both long-range correlations like clustering and short-range correlations as induced by the tensor force -the variation should be done for the projected state Eq. (35). This variation after projection (VAP) is performed for all spins of the nucleus independently. Additional many-body basis states can be obtained by using constraints like radius or quadrupole deformation. The final results are obtained by diagonalizing the Hamiltonian in the set of projected non-orthogonal many-body basis states Q (i) ; J π M K; P = 0 . Because the parameters of the FMD states change in each step of the variation procedure, the matrix elements can not be computed in advance, and it is essential to have an efficient way to calculate the matrix elements. Furthermore, the non-orthogonality of the basis and the need for gradients of the matrix elements make it necessary to have analytical expressions for the matrix elements. If the NN potential is given in operator representation, for example as a sum of operators O P with the corresponding radial functions V P ST (r):
analytical expressions can be found if the radial functions V P ST (r) are represented by sums of Gaussians
with
In case of the tensor operators S 12 ,S 12 ( p Ω , p Ω ) and S 12 ( r, p Ω ) the representation
is used for convenience. Li. Binding energy EB, point-proton radius Rp, magnetic dipole moment µ and electric quadrupole moment Q, calculated in the NCSM with the exact UCOM(0.04) matrix elements (UCOM (exact)) and the reduced UCOM(0.04) fit (UCOM (red. fit)). The energies are obtained from an extrapolation to infinite model space size. The other properties are calculated in a model space size of 12 Ω for 6 Li and 10 Ω for 7 Li with an oscillator frequency of Ω = 24 MeV and by means of bare operators. Experimental data from Ref. [35] and [36] . 4 He obtained by simple variation (V) and variation after projection (VAP) using UCOM interactions obtained from Argonne V18 with both full and reduced sets of operators and for flow parameters α = 0.04 fm The expressions for the FMD matrix elements for the full and reduced operator representation of the UCOM potential (Eqs. (25) and (31)) are given in Appendix D.
To concentrate on the properties of the interaction, we present here only a basic FMD calculation for the 4 He ground state. The wave function is a single FMD four-body state where a superposition of two Gaussians (Eq. (33)) is used for each single-particle state. To illustrate the role of correlations, we compare in Tab. V the results obtained by simple variation (V) with the more sophisticated variation after projection calculation (VAP). In the mean-field like approach (V) the wave function is spin-saturated and thus there is no contribution from the spin-orbit and tensor components of the UCOM interaction. The binding energy obtained for the UCOM(0.04) interaction with flow parameter α = 0.04 fm 4 is more than 9 MeV lower than the exact result as obtained from the NCSM calculation. The FMD(VAP) calculation, on the other hand, underestimates the binding energy only by 1.5 MeV. This is explained by the tensor correlations in the wave function. In the VAP calculation the tensor components of the UCOM interaction contribute with −14.06 MeV to the potential energy. The correlations in the wave functions also lead to an increase in the kinetic energy so that the total binding energy increases only by 7.83 MeV.
Although the tensor force in the UCOM interaction is much weaker than in the original Argonne interaction, the correlations induced by the tensor components in the UCOM interaction are still difficult to describe in the FMD approach in case of 4 He, and it becomes even more difficult for heavier nuclei. It is therefore advantageous to use a softer interaction as can be obtained with a larger flow parameter like α = 0.2 fm 4 , UCOM(0.20).
For this interaction a larger part of the original tensor force has been renormalized and the remaining tensor force in the UCOM interaction is significantly weaker. This is illustrated in Fig. 9 by means of the off-diagonal momentum space matrix elements of the 3 S 1 -3 D 1 channel, which contains only tensor contributions. Looking at the UCOM potential with the full set of operators, the UCOM transformation creates with increasing flow parameter α stronger contributions of theS 12 ( p Ω , p Ω ) and S 12 ( r, p Ω ) operators that cancel the contributions of the tensor operator S 12 at larger momenta. For the reduced set of operators, the contributions ofS 12 ( p Ω , p Ω ) are absorbed in the S 12 term, which therefore shows a stronger α dependence. The reduced UCOM fit shows with increasing α the same reduction of the high momentum tensor components as the full UCOM fit. This reduced tensor force also leads to reduced tensor correlations in the exact NCSM wave function and the binding energy with the single FMD basis state gets within 0.7 MeV of the NCSM result for the UCOM(0.20) interactions.
V. CONCLUSIONS
We have derived a reduced UCOM potential, which contains less operators than the exact UCOM transformed Argonne potential.
In calculations of two-nucleon systems, discussed in Sec. IV, reduced UCOM and the exact UCOM transformed Argonne potential show the same results for the deuteron and the phase shifts up to the D-wave and slight deviations in the phase shifts with higher angular momenta. The latter can be traced back to the fact that the reduced set of operators cannot perfectly describe the exact UCOM matrix elements in all partial waves and that the fitting method puts more emphasis on low angular momentum matrix elements to be reproduced as accurately as possible. The small deviations for higher angular momenta, however, have no effect on the results for the few-nucleon systems investigated by means of NCSM and FMD calculations. The reduced UCOM potential yields the same results as the exact UCOM transformed Argonne potential for a wide range of different physical properties of light nuclei, such as energies, energy level spectra, radii, magnetic dipole and electric quadrupole moments.
From these results one can conclude that the reduced UCOM potential contains all the important features of the exact UCOM transformed Argonne potential that are relevant to describe the light nuclear systems discussed. At the same time it contains a smaller set of operators. Due to this reduced set of operators, the reduced UCOM potential allows to perform FMD calculations for light nuclei with a reduced computational effort and without loosing precision at the same time.
Furthermore, the structure of the reduced UCOM potential allows to draw conclusions on the importance of additional operators in soft effective interactions beyond Contributions from the S12 tensor term, theS12( pΩ, pΩ) tensor term, the momentum dependent tensor S12( r, pΩ) and the sum of these contributions.
those already used in the Argonne potential Eq. (17). Although many new operators are created by the UCOM transformation, one succeeds in describing the important features of a realistic effective interaction by the set of operators already present in the bare Argonne potential plus the two momentum dependent operators given in Eq. (25) . This shows that especially the momentum dependent operators, which replace the short-range repulsion and short-range tensor force, play an essential role for the potential and therefore have to be included in the reduced set of operators. The influence of the other operators created by the UCOM transformation is either small or can be absorbed by already included operators without altering two-and few-nucleon properties significantly, so that these operators do not have to be considered explicitly in the reduced set of operators.
In future studies we plan to derive operator representations for other effective realistic NN interactions, for example potentials based on SRG transformations. The question of how local and non-local components of these interactions can be disentangled has recently been discussed in [39] . In contrast to the UCOM transformation, which yields only quadratic momentum terms, the SRG creates already for local initial interactions a more complicated, non-polynomial momentum dependence. Consequently, the ansatz for an operator representation of SRG transformed potentials must contain a more complex momentum dependence to be flexible enough to describe the nonlocal structure of these potentials. The UCOM transformation can be performed exactly in a basis with good angular momentum and spin quantum numbers. In this appendix, we show the matrix elements for the partial wave basis in momentum space k(LS)J; T , where k is the relative momentum, L the relative angular momentum, S the total spin, J the total angular momentum and T the total isospin. With the definitions Θ SJT (r) = 3 J(J + 1)ϑ T (R +,ST (r)) (A1a)
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where (14) and the matrix elements of the correlated kinetic energy [11] : Appendix B: Fit of the operator representation
Radial integrals
To find an analytic expression for the matrix elements Eq. (29) of the reduced UCOM potential one has to calculate the integral
occuring in Eq. (29) and (30b). The explicit expressions for n P = 0 and L = L ′ ≤ 4 are:
The expressions for I κ (k, k ′ , L, L; n P = 2) can be obtained from those for I κ (k, k ′ , L, L; n P = 0) in Eqs. (B2) by the relation
The tensor operators in Eq. (25) and (31) also connect states with angular momentum L and L ′ = L ± 2, so that we need the integrals I κ (k, k ′ , L, L + 2; 2):
The integral
which is required for the matrix elements of the momentum dependent tensor term Eq. (30c) can be obtained from the expressions on the r.h.s. of Eqs. (B4) by calculating the following derivatives:
Operator matrix elements
In this section we list the partial wave matrix elements of the operators in the UCOM potential Eq. (25) . They are required to evaluate Eq. (30a). For the quadratic angular momemtum operator and the spin-orbit operator one finds
The tensor operator S 12 ( L, L) can be rewritten by means of Eq. (16) as
and its matrix elements can be evaluated using Eqs. (B7) and (B8). The tensor operator S 12 connects not only states with equal L but also L and L ± 2. Its matrix elements are given in Tab. VI.
Table VI. Matrix elements of the tensor operator S12. For S = 0 the matrix elements are zero.
The tensor operatorsS 12 ( p Ω , p Ω ) and S 12 ( r, p Ω ) connect only states with L and L ′ = L ± 2. Its matrix elements are given by:
Separation of central, spin-orbit and tensor components
The operator representation of the UCOM transformed Argonne potential is obtained by fitting an ansatz for the operator representation to the partial wave matrix elements of the considered potential. One can classify the operators occurring in the ansatz by their spin dependence. The central part of the interaction consists of terms with operators which do not depend on the spin operator: 1, L 2 and p 2 . The spin-orbit part contains operators with tensor rank one in spin space, like L · S and L 2 ( L · S). The operators of the tensor part, e.g. S 12 , S 12 ( L, L),S 12 ( p Ω , p Ω ) and S 12 ( r, p Ω ), are of rank two.
In the partial wave matrix elements with S = 0, only the central part contributes. The S = 1 matrix elements connecting different orbital angular momenta contain only tensor contributions. In the other cases, all three components are present. In that case one can separate the central, spin-orbit and tensor components for a given angular momentum L by calculating linear combinations of the partial wave matrix elements with J = L − 1, J = L and J = L + 1 [31] .
The central part of the potential V can be isolated by the linear combination
Using the parameters
one obtains the spin-orbit contributions
For the tensor part, we can use for example
and we obtain
By using this technique, it is possible to fit individually the central, spin-orbit and tensor component in the ansatz of the operator representation to the linear combined matrix elements containing only the desired component of the interaction.
Weights
The fitting method to derive the operator representation allows the partial waves included in the fit to be weighed differently. The weight factors are chosen such that the lowest angular momentum partial wave matrix elements are reproduced in an optimal way and the deviations in the partial waves with higher L remain as small as possible. Tabs. VII and VIII show the weight factors that were used in the fits to obtain the operator representations. For S = 1, central, spin-orbit and tensor part were fitted separately (see App. B 3), so that the weight factors for each of these fits are given separately as well.
pw's with Table VII . Weight factors for matrix elements with even angular momentum L used in the fit for the operator representation of the reduced UCOM potential.
pw's with Table VIII . Weight factors for matrix elements with odd angular momentum L used in the fit for the operator representation of the reduced UCOM potential.
Appendix C: Parameterization of the radial functions
The local radial functions V P ST (r) of the reduced UCOM potential Eq. (31) described in Sec. III are parameterized by a sum of Gaussians
with P ∈ {C, L2, p2, LS, T ll} and
The parameters κ are chosen by the relation
with κ 1 = 0.05 fm 2 , b = 2 and µ max = 8, which corresponds to a maximum width parameter κ 8 = 6.4 fm 2 . With these parameters, one is able to cover the whole range of the interaction, which is a few fm. 
so that for all operators O P of the reduced UCOM potential the expressions for the matrix elements q k , q l O P r n P G µ (r) + O P r n P G µ (r)O P q m , q n (D4)
for a standard set of Gaussians G µ (r) = exp − with the width κ µ have to be calculated. The FMD basis matrix element of a Gaussian is given by [24] : 
one finds for the parameterization Eq. (28): 
